Structure signatures in proton scattering from Li-9,Li-11 by Crespo, R et al.
PHYSICAL REVIEW C OCTOBER 1996VOLUME 54, NUMBER 4
0556-281Structure signatures in proton scattering from 9,11Li
R. Crespo,* J. A. Tostevin, and I. J. Thompson
Department of Physics, University of Surrey, Guildford, Surrey, GU2 5XH, United Kingdom
~Received 11 December 1995!
The optical potential and observables for proton-9,11Li elastic scattering are calculated microscopically using
the single scattering approximation to the Kerman-McManus-Thaler multiple scattering expansion. The im-
portance of the central and spin-orbit terms of the optical potential, and of the core and halo nucleon contri-
butions, is clarified in terms of the momentum space behaviors of the nucleon-nucleon amplitudes and relevant
density distributions. Calculations for the 9Li and 11Li systems at 60 and 62 MeV/nucleon, respectively, are
compared with the available experimental data and with calculations and data for the proton-8He system at
similar energy. Three-body models of 11Li are used. The effects of the halo distribution in 11Li are clearly
manifest in the elastic cross section but there are small differences between observables for structure models
with realistic two-neutron asymptotic behaviors. Calculations suggest that the 9Li core structure is not realis-
tically described by simple models. @S0556-2813~96!05009-1#
PACS number~s!: 24.10.Ht, 21.10.Gv, 25.40.Cm, 27.20.1nI. INTRODUCTION
Experiments with radioactive nuclei from fragmentation
reactions @1# have stimulated many structure studies of light
nuclei near the neutron drip line. Radii of matter densities are
now routinely deduced from cross section measurements
@2–4# and show that some nuclei, close to the neutron drip
line, exhibit a halo of diffuse neutron matter extending far
beyond the protons and large matter radii in comparison with
their stable isotopes @5#, a direct consequence of low one- or
two-neutron separation energies. One- and two-neutron halos
have now been observed in several light neutron rich nuclei,
such as 11Be and 11Li. The n separation energy is 0.5 MeV
in the case of 11Be and the 2n separation energy is 0.3 MeV
for 11Li.
The formation of well-developed halos means that neu-
tron rich nuclei represent qualitatively different many-
nucleon systems. Conventional mean field approaches fail to
reproduce the matter radii of halo nuclei without adjustment
of the separation energy of the last neutron to measured val-
ues @6#. It is necessary to go beyond the mean field approxi-
mation and include additional correlations to describe these
systems. 11Li is usefully treated as a 9Li1n1n system, hav-
ing no bound states in any of its binary subsystems. Three-
body methods have thus been applied extensively to this sys-
tem @7–9#.
The interaction of nucleons with halo nuclei, and their
elastic scattering, is a basic reaction mechanism which might
permit an assessment of these halo structures. In the present
work we calculate these interactions microscopically and the
resulting scattering, taking structures calculated from three-
body models. Our principal aim is not to fit the experimental
data, but to study the effects on elastic scattering observables
of different microscopic descriptions of the structure of the
halo neutrons in 11Li when assuming simple models for the
structure of the 9Li core, such as were successful for 8He
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Superior Te´cnico, Lisboa, Portugal.543/96/54~4!/1867~10!/$10.00scattering @10#. For instance, some evidence has been accu-
mulated @11# which points to the existence of a near-
threshold s-wave virtual state in the n19Li (10Li! system. If
present, structure calculations show that this virtual state has
a profound effect on the nature of the structure of the 11Li
halo @12#. We assess the implications of these halo struc-
tures, and the assumed structure of the 9Li core, for observ-
ables in the elastic scattering of protons from 9Li and 11Li.
Measurements of the elastic scattering of protons from the
lithium isotopes 9,11Li at about 60 MeV/nucleon @13# and
from 8He at 72 MeV/nucleon @14# have been published. Phe-
nomenological, Born approximation, and a variety of
Glauber and forward scattering approximation models have
been applied to these data @13,15–17#. All of the nonphe-
nomenological analyses of the ion-nucleon interaction as-
sume simplified or parametrized effective nucleon-nucleon
(NN) interactions or transition amplitudes. A central zero-
range effective NN force is usually assumed. Traditional sur-
face derivative spin-orbit potential terms have been used in
phenomenological analyses @13,17# of the data for the Li
isotopes. While such radial forms are justifiable for heavy
nuclei with well-defined surfaces and small diffuseness pa-
rameters, their use for light nuclei, particularly those with a
diffuse long range valence nucleon distribution, is suspect.
This spin dependence should be calculated microscopically.
In the multiple scattering approach used here, the central and
spin-dependent terms of the nucleon-nucleus interaction are
derived explicitly from those of a realistic NN interaction,
consistent with the assumed projectile density. It was already
shown in @10#, for p- 8He scattering, that elastic scattering
observables show considerable sensitivity to both the spin-
orbit component and to the finite range of the NN interac-
tion, in that case the Paris interaction, and that these are
essential ingredients in quantitative studies.
In the present work, as in @10#, we use the Kerman-
McManus-Thaler ~KMT! @18# multiple scattering treatment
of the optical potential. Careful treatments of both the first
and second order terms of the multiple scattering series have
been carried out in recent years @19–22#. The single scatter-
ing approximation to the multiple scattering series has been1867 © 1996 The American Physical Society
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scattering data from a wide range of targets at 65 MeV @23#
and for p- 8He scattering at 72 MeV @10#. As the multiple
scattering approach expands the nucleon-ion optical potential
in terms of a realistic free NN transition amplitude and target
wave function, the method allows first principles calculations
of the optical potential based upon structure calculations and
the free NN interaction as inputs.
Unlike N'Z nuclei, halo nuclei present two distinct re-
gions of nuclear matter density to the scattered proton. The
ground state density is the sum of contributions due to the
core (9Li in the 11Li case! and from the valence or halo
nucleons. The nucleons in these two regions have different
spin-isospin compositions and momentum distributions, and
are thus probed by different terms of the NN amplitude, and
at different momentum transfers. It is considered extremely
important to clarify this basic interplay between the range of
the nuclear densities and the different terms of the NN inter-
action, and to understand the extent to which microscopic
calculations based on the free NN amplitude are able to de-
scribe the available data prior to any complication of the
physical description through the use of effective interactions.
Such interactions, deduced from isospin symmetric systems,
are largely untested quantitatively for the drip line systems of
interest here.
We apply the single scattering KMT optical potential to
the 9Li and 11Li systems. We consider two models for the
core (9Li! structure. The sensitivity of the p- 9Li elastic scat-
tering observables to these models is assessed as are the ef-
fects of different structure models for the halo density on the
p- 11Li elastic scattering observables. Calculations are pre-
sented for p- 9,11Li scattering at 60 and 62 MeV/nucleon,
respectively, where cross section data are available. We com-
pare these results with calculations and data for the proton-
8He system at similar energy. We clarify the roles of the
central and spin-orbit parts of the optical potential arising
from the core and halo nucleons by reference to the momen-
tum space behaviors of the on-shell NN amplitudes and the
target density distributions. The presented results are ex-
pected to hold quite generally.
II. MICROSCOPIC OPTICAL POTENTIAL
The first order term of the KMT optical potential for
nucleon scattering from a target of mass A is given by the
expression @18,20#
U5
A21
A (n51
A
^F0ut0n
f ~v!uF0&. ~1!
Here F0 is the target nucleus wave function and t0n
f (v) is
the NN transition operator describing the free scattering of
the incident ~0! and struck (n) target nucleon with an energy
parameter v . This transition amplitude satisfies the integral
equation
t0n
f ~v!5v0n1v0ng~v!t0n
f ~v!, ~2!
where v0n is the free space NN interaction. The intermediate
states propagator g(v) is thereforeg~v!5
1
v12K0n
, ~3!
where K0n is the kinetic energy operator for the relative mo-
tion of the active NN pair. Medium effects arising from dis-
tortions due to the struck nucleon binding potential have
been neglected in the propagator @21#. The energy parameter
is v5E02\2Pˆ 2/4m , where Pˆ is the momentum operator for
the motion of the center of mass ~c.m.! of the interacting
NN pair @21#, and m is the nucleon mass. E0 is the incident
nucleon energy in the nucleon-target (NA) c.m. frame; thus,
E05\2k0
2/2mNA , with mNA the nucleon-target reduced mass.
The second order term of the multiple scattering expan-
sion, which takes into account Pauli blocking medium ef-
fects, has been investigated elsewhere in considerable detail
@21#. Pauli blocking corrections are not considered explicitly
here.
The matrix elements of the optical potential are developed
in momentum space as
^kW8uUukW &5
A21
A (n51
A
^kW8F0ut0n
f ~v!ukWF0& . ~4!
Introducing the variable QW 5(kW1kW8)/2, the mean value of
the scattered nucleon momenta, then, within the optimal fac-
torization limit @20#,
^kW8uUukW &5
A21
A (n51
A
^F0u2qW /2&
3K 12 S kW81qW2 D ut0nf ~v!u 12 S kW2 qW2 D L ^qW /2uF0&,
~5!
where qW 5kW82kW is the momentum transfer and the energy
parameter v is now
v5E02
\2
4m Q
2
. ~6!
In this momentum space form, Eq. ~5!, a NN transition am-
plitude from realistic NN interaction models can be included.
With the convention that plane waves are normalized such
that
^rWukW &5~2p!23/2exp~ ikWrW !,
the antisymmetrized transition amplitude and NN scattering
amplitude M are related according to
^kW 8ut0n
f ~v!ukW &52
\2
4p2m ^k
W 8uM ukW &, ~7!
with m the NN reduced mass, and where @24#
M5A1B~sW 0 nˆ !~sW n nˆ !1C~sW 01sW n! nˆ
1D~sW 0mˆ !~sW nmˆ !1E~sW 0lˆ !~sW nlˆ !
1F@~sW 0lˆ !~sW nmˆ !1~sW nmˆ !~sW 0lˆ !# . ~8!
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mˆ5lˆ3 nˆ are the unit vectors defined by the NN scattering
plane.
Of the KMT amplitudes A, B, C, D, E, and F, only A and
C are used in the context of the present analysis. In calcula-
tions these amplitudes are best expressed as complex func-
tions of relative energy v , momentum transfer
qW 5(kW 82kW ), and total NN momentum QW 5(kW 81kW )/2 in
their c.m. frame. Each amplitude depends on isotopic spin in
the form
A~v ,kW 8,kW !5A~v ,qW ,QW !5A01At~tW 0tW n!. ~9!
III. STRUCTURE MODELS
A. Faddeev calculations for 11Li
Here 11Li is considered as a three-body (9Li 1n1n) sys-
tem, the main approximation being to neglect explicit con-
sideration of the internal and spin degrees of freedom of the
9Li core. These are treated approximately through the
nucleon-core effective interaction. The total wave function is
a sum of the three Faddeev components,
C5C121Cc11Cc2 @8#, where 1 and 2 represent the halo
neutrons and c the core. Neutron antisymmetrization implies
that Cc2 and Cc1 are related by permutation of labels, and
C5C12~rW12 ,rW ~12!c!1~11P !Cc1~rWc1 ,rW ~c1 !2!. ~10!
The total wave function C can be transformed into either set
of coordinates, so that
C5C¯12~rW12 ,rW ~12!c!5C¯ c1~rWc1 ,rW ~c1 !2!, ~11!
where C and each C¯ has unit normalization.
The one-particle density can be written
r11~rW !5 rˆ9~r !1rhalo~r !, ~12!
where rˆ9(r) and rhalo(r) are the contributions from the core
and halo neutrons in the center of mass of the whole nucleus.
It follows that the halo density is
rhalo~rW !52S AA21 D
3E drWc1UC¯ c1S rWc1 , AA21rW D U
2
, ~13!
and, assuming that the core internal density is r9(r), then
rˆ9(r) is obtained by folding with rc(r), the density distribu-
tion for the motion of the core center of mass, i.e.,
rˆ9~rW !5E drWcr9~rW2rWc!rc~rWc!, ~14!
where
rc~rWc!5S A2 D
3E drW12UC¯12S rW12 , A2 rWcD U
2
. ~15!
In momentum space, in terms of the Fourier transform of
each density distribution,
r11~q !5 rˆ9~q !1rhalo~q !, ~16!where
rˆ9~q !5r9~q !3rc~q !. ~17!
In the following we take 11Li halo density distributions
from the Faddeev wave functions of Bang, Thompson, and
Zhukov @7,12#. As the detailed structure of this system and
the interaction potential between a neutron and the 9Li core
are not yet known, we consider three proposed Faddeev sce-
narios, which involve different halo structures and configu-
rations. All models use the realistic supersoft core @SSC~C!#
NN potential @25# between the valence neutrons.
~i! The spin-orbit ~SO! model @26,7# assumes that the
10Li ground state is a 0p1/2 resonance, the 0p3/2 state being
bound with separation energy 4.1 MeV. The 9Li core is thus
assumed to have a full 0p3/2 neutron subshell, and the three-
body wave function is orthogonalized to the occupied 0s and
0p3/2 states of neutron-core motion. The density used has the
0p1/2 resonance at 10.175 MeV, a 11Li binding of 20.32
MeV, and a matter rms radius of 3.04 fm. The empirical
matter radius is 3.1060.17 fm @3#.
~ii! The pairing (P) model assumes that pairing correla-
tions are dominant, neglects nucleon-core spin-orbit forces,
and the valence neutrons are entirely in the relative 1S0 state.
The binding energy is 20.35 MeV and the matter rms radius
is 3.02 fm.
~iii! The S-intruder ~I1! model has an increased potential
strength in the s-wave n19Li channel, producing a 1s1/2
scattering length appropriate for a virtual state. The p-wave
potential gives a 0p1/2 resonance. In this model (P3 of @12#!,
the three-body wave function is a superposition of (0p1/2)2
and (1s1/2)2 configurations. A larger rms radius of 3.64 fm is
obtained. The model leads to a narrow 9Li momentum dis-
tribution in the Serber model of 11Li dissociation, in better
agreement with the data @27#.
The I1 model thus allows a study of the consequences for
p- 11Li elastic scattering observables of structure changes in
the 11Li ground state due to existence of a near-threshold
s-wave virtual state in 10Li. To assess the sensitivity of ob-
servables to the correct description of the tails of the halo
distribution we also present calculations where the 11Li den-
sity is the sum of a Gaussian for the 9Li core and a valence
density appropriate to oscillator p1/2 states,
rhalo~q !52~12bh
2q2/6!exp~2bh
2q2/4!. ~18!
The range bh53.58 fm is chosen to reproduce the rms radius
of 11Li.
B. 9Li structure models
In the calculations of @7,12# the 9Li core is assumed to
have a Gaussian density distribution for the purposes of cal-
culating the 11Li single-particle density. In describing the
9Li ground state we consider two simplified structure mod-
els. In model I, as in @7,12#, we take a Gaussian distribution
with a range chosen to reproduce the rms radius
^r2&9
1/252.32 fm, i.e.,
r9
I ~q !59exp~2bg
2q2/4!, bg51.89 fm. ~19!
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tion of the core we also consider a model II where we follow
closely the method applied by Zhukov et al. @28# to 8He.
Here we assume a cluster model for 9Li consisting of an
a-particle-like core, four neutrons in the p3/2 shell coupled to
spin zero, and a proton in the p3/2 shell. We take a Gaussian
distribution for the nucleons in the alpha core. The valence
nucleons are assumed described within the harmonic oscilla-
tor single particle model. In momentum space these densities
are, for the alpha core,
ra~q !54exp~2ba
2q2/4! ~20!
and, for the valence neutrons,
rn~q !54~12bn
2q2/6!exp~2bn
2q2/4!. ~21!
We assume that the proton and neutron p3/2 states have the
same oscillator range parameter, and so for the proton
rp3/2(q)5rn(q)/4. The range parameters are again chosen to
reproduce the rms radius of 9Li, i.e.,
3ba
2125bn2/459^r2&9/2. ~22!
If we take the same range for the alpha core as was used in
8He @28#, then ba51.38 fm and bn51.72 fm. We refer to
this as parameter set ~a!. Other possible pairs of values, con-
sistent with the 9Li rms radius, are ~b! ba51.50 fm,
bn51.67 fm and ~c! ba51.0 fm, bn51.843 fm. We use the
latter parameters as extreme deviations from the more physi-
cal set ~a! in assessing the sensitivity of observables to the
assumed 9Li structure. The single-particle density of 9Li
within model II is
r9
II~q !5ra~q !1rn~q !1rp3/2~q !. ~23!
Taking account of the motion of the 9Li core within 11Li,
then, from Eq. ~17!,
rˆ9
II~q !5r9
II~q !rc~q !5 rˆa~q !1 rˆn~q !1 rˆp3/2~q !. ~24!
IV. OPTICAL POTENTIAL
Given the 9,11Li structures discussed above, and following
Eq. ~9!, the proton- 11Li optical potential is written
^kW8uUukW &5
A21
A @ rˆa~q !t
%01~v ,q ,Q/2,f!
1 rˆn~q !t¯pn~v ,q ,Q/2,f!
1 rˆp3/2~q !t
¯pp~v ,q ,Q/2,f!
1rhalo~q !t¯pn~v ,q ,Q/2,f!# , ~25!
where f is the angle between the vectors QW and qW . Here
t%01 is the spin-isospin-averaged NN amplitude, for the closed
shell alpha core, and t¯pn is the spin-averaged pn amplitude,
due to assumed closed p3/2 and p1/2 ~halo! neutron subshells.
At present we do not treat fully the spin dependence associ-
ated with the incident proton-bound p3/2 proton interaction.
We take the spin average, with respect to the struck particle,
of the pp transition amplitude, and so possible spin-dependent contributions, other than the conventional spin-
orbit force, are neglected in taking t¯pp . We take account of
the finite mass of the 9Li core in Eq. ~25! by the use of the
convoluted densities rˆ of Eq. ~24!. The same procedure was
carried out implicitly in the treatment of the p- 8He system at
72 MeV @10# where the range parameter of the alpha core is
not that of a free a particle but includes recoil effects @28#.
The central and spin-orbit components of the optical po-
tential are therefore
^kW8uUukW &5Uc~kW8,kW !1U l s~kW8,kW !sW 0 nˆ , ~26!
with nˆ the unit normal to the NA scattering plane. With the
normalizations adopted in Eqs. ~20! and ~21! for the core and
p3/2 nucleon densities, the potential form factors are
Uc~kW8,kW !5
A21
A F2 \
2
4p2mG@A0rˆa~q !1Apnrˆn~q !
1Apprˆp3/2~q !1Apnrhalo~q !# , ~27!
U l s~kW8,kW !5
A21
A F2 \
2
4p2mG@C0rˆa~q !1Cpnrˆn~q !
1Cpprˆp3/2~q !1Cpnrhalo~q !# , ~28!
with A0[A0(v ,q ,Q/2,f), etc., given by Eq. ~9!. Studies of
the NN amplitude have shown that, for the central and spin-
orbit amplitudes A and C, the variation with angle f is very
slow @21,29#. Thus we take the on-shell value f5p/2 in the
evaluation of these amplitudes. The proton-neutron and
proton-proton amplitudes Apn and App are
Apn5A02At , App5A01At , ~29!
and similarly for Cpn and Cpp .
These momentum space forms give a particularly clear
view of the dependence of the optical potential upon the
different components of the target density. They show also
how effects due to these components having very different
spatial ranges, and hence different momentum space distri-
butions, cannot simply be untangled from the intrinsic mo-
mentum space behavior of the NN interaction. The impor-
tance of each component of the density to the central and
spin-orbit terms of the optical potential is driven by the ex-
tent to which these momentum space behaviors overlap, and
will be different for the core and halo and spin and spin-
independent components. We return to these considerations
when discussing the results of the calculations of reaction
observables. It should be noted that the calculated optical
potential is nonlocal and requires knowledge of the NN am-
plitudes both on and off the energy shell.
For the evaluation of the appropriate NN energy param-
eter v5E02\2Q2/4m we make the usual assumptions that
the momentum of the projectile is fixed at the on-shell value
k0 and that the dominant momenta of the struck nucleon are
small. These should be particularly appropriate for the longer
ranged contributions to the optical potential arising from the
valence ~halo! nucleons, where the nucleons interact in re-
gions of low matter density and are of lower momenta. In
this limit the NN energy is assumed fixed with v5E0/2
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calculation of the NN amplitude.
For 11Li the rˆ entering Eqs. ~25!, ~27!, and ~28! are those
of Eq. ~24!, where ra , rn , and rp3/2 are given by Eqs. ~20!
and ~21! for core model II. For core model I we replace
ra5rn54rp3/2 where ra54r9
I /9 of Eq. ~19!. In the 9Li case
then rhalo 5 0 and we replace rˆa5ra , etc., in Eqs. ~27! and
~28!.
V. RESULTS
In all calculations the NN scattering amplitudes are cal-
culated exactly, both on and off the energy shell, from the
Paris @29,30# NN potential model. What is actually required
are the central and spin-orbit Wolfenstein amplitudes A and
C.
A. Structure models
We use three theoretical scenarios for the halo structure of
11Li. Figure 1 presents the two neutron halo densities
rhalo , in momentum space, for the pairing (P , solid line!,
spin-orbit ~SO, solid points!, and intruder I1 ~long dashed!
Faddeev wave functions described in Sec. III A. All repro-
duce the empirical binding energy of 11Li and have appro-
priate three-body asymptotics. For comparison the dot-
dashed line shows the extent of the single Gaussian density
description r9
I for the 9Li core, which has been scaled to 2 at
q50, to aid comparison with the halo distributions.
In configuration space, the P and SO models possess very
similar density distributions in the extreme tail of the halo
density but can differ substantially in the region of overlap
with the 9Li core. In momentum space, as in configuration
FIG. 1. 11Li halo neutron density distributions in momentum
space, for the pairing (P , solid line!, spin-orbit ~SO, solid points!,
and intruder I1 ~long dashed! Faddeev wave functions. The dot-
dashed line shows the Gaussian density description for the 9Li core
scaled to 2 at q50.space, the SO and P models lead to rather similar distribu-
tions. The sensitivity of proton elastic scattering to these dif-
ferent models is discussed quantitatively in the following.
The I1 intruder model generates a particularly different den-
sity and is expected to generate more extreme differences
upon observables.
Figure 2~a! shows the 9Li core densities evaluated assum-
ing the single Gaussian r9
I ~solid line! model of Eq. ~23! and
also the oscillator model r9
II
, using parameter sets ~a!
~dashed line! and ~c! ~dash-dotted line! of Eq. ~19!. All mod-
FIG. 2. ~a! 9Li densities in momentum space for the Gaussian
model r9
I ~solid line! and the oscillator model r9
II
, using parameter
sets ~a! ~dashed line! and ~c! ~dash-dotted line!. Part ~b! shows the
ra and rn1rp3/2 contributions separately for the r9
I ~dashed curves!
and r9
II
, set ~a!, ~solid curves! models.
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sults for parameter set ~b! are quite similar to those for set ~a!
and, for clarity, are not shown on the figure. The apparent
similarity of these densities, from for instance the r9
I ~solid!
and r9
II
, set ~a!, ~dashed! models, is somewhat misleading.
While the total one-body densities are indeed similar, they
result from quite different spin-isospin density decomposi-
tions of the nine nucleons. For model II, the density is the
sum of ra , rn , and rp3/2 terms given by Eqs. ~20! and ~21!,
with quite different range parameters. For model I, however,
ra5rn54rp3/2, where ra54r9
I /9, all components having
the same range. This distinction is important in the context of
Eqs. ~27! and ~28! where each term multiplies a particular
spin or isospin average of the NN amplitude. The constituent
contributions ra and rn1rp3/2 are shown separately in Fig.
2~b! for the r9
I ~dashed curves! and r9
II
, set ~a!, ~solid curves!
models. The longer range in momentum space of the more
realistic treatment of the alpha core component in model II is
evident.
B. Elastic scattering observables
We proceed to study the effects of the different models of
the halo and core distributions upon elastic scattering observ-
ables for the p- 11Li system. Figure 3 shows the experimental
@13# differential cross section angular distribution for p-
11Li scattering at 62 MeV/nucleon and those calculated using
the theoretical density distributions. The calculations are
fully off-shell optical potential calculations resulting from
the evaluation of Eqs. ~27! and ~28! without further approxi-
FIG. 3. Experimental and calculated differential cross section
angular distributions for p- 11Li scattering at 62 MeV/nucleon. The
calculations use the pairing (P , solid line!, spin-orbit ~SO, solid
points!, and intruder I1 ~long dashed line! descriptions for the halo
distribution. The dot-dashed line results when using the oscillator
model for the valence nucleon distribution. Model I is assumed for
the 9Li core.mation. The figure shows the calculated cross sections using
the pairing (P , solid line!, spin-orbit ~SO, solid points!, and
intruder I1 ~long dashed line! descriptions for the halo dis-
tribution. Here model I is assumed for the 9Li core. While
the calculated cross section angular distributions show some
sensitivity to the different Faddeev models, it is apparent
that, unlike the earlier theoretical agreement with the p-
8He data at 72 MeV @10#, the p- 11Li data are not reproduced
by any model. In particular the angular dependence of the
data at forward angles is not described, the calculations fall-
ing too rapidly with scattering angle in the angular range
20° –40°. There are only small differences between observ-
ables for these structure models. The importance of a correct
description of the halo tail is shown by the dash-dotted line
which results when using the oscillator model description of
the valence nucleon distribution. The result makes clear the
sensitivity to the correct description of the tail of the halo
density distribution of the Faddeev models.
We note that the first order KMT optical potential dis-
cussed here will include contributions in which the incident
and struck nucleons are in the continuum @21,31#. These are
assumed to scatter as free particles. Thus elements of the
11Li breakup continuum will be already included within the
calculated single scattering KMT interaction. It would be
extremely interesting to investigate further the relationship
between these calculations and breakup contributions calcu-
lated using few-body descriptions @17#. The latter show the
breakup effects are significant on the calculated cross section
and result in a more rapid decrease in the cross section an-
gular distribution with angle.
Figure 4 shows the calculated and experimental @13# dif-
ferential cross section angular distributions for p- 9Li scatter-
ing at 60 MeV/nucleon. The curves are the results calculated
FIG. 4. Calculated and experimental differential cross section
angular distributions for p- 9Li scattering at 60 MeV/nucleon. The
curves are the results using the Gaussian r9
I ~dashed! and oscillator
model, r9
II ~a! ~solid line! and ~c! ~dash-dotted line!, densities.
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I ~dashed! and oscillator model,
r9
II ~a! ~solid! and ~c! ~dash-dotted!, densities. The p- 9Li ex-
perimental data, like the 11Li data, are not reproduced. We
note the similar failure to reproduce the slope of the ob-
served distribution at forward angles and the relative insen-
sitivity of the calculations in that angular region to the dif-
ferent models used. Here, all 9Li densities used have been
constrained to reproduce the empirical 9Li rms matter radius.
The model II forms have also been motivated by the success
of the cluster orbital shell model approximation ~COSMA!
~oscillator! model for the p- 8He system @10#. Calculations by
Bertulani and Sagawa @32# use more sophisticated 9Li de-
scriptions, based on Hartree-Fock calculations @6#. The cross
sections, calculated using Glauber theory, show very similar
qualitative features to those of the present work. To date,
only phenomenological potential fits @13,17# have been able
to produce a satisfactory description of these experimental
data. It is clear, in the context of p- 11Li calculations based
on few-body descriptions of the halo nucleus, described
above, that the agreement of the microscopic multiple scat-
tering calculations with the available data is already unsatis-
factory at the level of the nucleon- 9Li core subsystem.
The failure of the microscopic calculations for the mass 9
core is amplified by reference to Fig. 5, which shows the data
~solid points! @14# and results of microscopic calculations for
the p- 8He system ~solid curve! @10# at 72 MeV/nucleon. The
rms matter radius of 8He in these calculations is 2.52 fm @3#,
to be compared with the values 2.32 fm for 9Li, and values
from 3.02 to 3.64 fm for the three-body models used for
11Li. The calculated and experimental p- 9Li angular distri-
butions at 60 MeV are shown by the open points and dashed
curve, respectively. The 8He density is that of Ref. @10# and
FIG. 5. Experimental data for the p- 8He system at 72 MeV
~solid circles! and the p- 9Li system at 60 MeV ~open circles!. The
curves show the calculated angular distributions for proton scatter-
ing from 8He at 72 MeV ~solid curve! and from 9Li at 60 MeV
using r9
II set ~a! ~dashed curve!.the 9Li density is the ~a! version of model r9
II
, with the same
alpha core radius parameter as for 8He.
The calculated 8He and 9Li angular distributions are
similar. On the other hand, the experimental data show a
very different behavior with momentum transfer and would
indicate a major structural difference between the 9Li and
8He systems. Close inspection shows that the first three
small angle data points for 9Li follow the trend of the mi-
croscopic calculations but the experimental data then change
slope markedly at 30°, a feature absent from the calculations.
Figure 6 compares the measured angular distributions for
11Li at 62 MeV ~solid circles! and 9Li at 60 MeV ~open
circles! @13#. The cross sections calculated assuming the
pairing model Faddeev wave function for 11Li and the model
I core density for 9Li are also shown by the solid and dashed
curves, respectively. Both the fall of the cross sections with
angle and their diffractive structure are too strong in the cal-
culations. The differences between the calculations and be-
tween the two sets of experimental data suggest, however,
that an improved description of the 9Li core interaction
would lead also to an improved description of the 11Li data,
as is obtained when phenomenological descriptions of the
core interaction are used @17#.
C. Core and valence particle contributions
We consider additional calculations to assess the impor-
tance of the core and valence nucleon contributions to the
central and spin-orbit components of the potentials. Our
model allows the core and valence particle NN amplitudes,
that is, the C and A in Eqs. ~27! and ~28!, to be selectively
FIG. 6. Experimental elastic cross section angular distributions
for p- 11Li at 62 MeV/nucleon ~solid circles! and p- 9Li at 60 MeV/
nucleon ~open circles!. The cross sections calculated assuming the
pairing model Faddeev wave function for 11Li and the model I core
density for 9Li are shown by the solid and dashed curves, respec-
tively.
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kinematics. Figures 7 and 8 show such calculations for
11Li and 9Li, respectively. It was shown @10# that for 8He,
the valence nucleon contribution to the central distortion was
large but had little effect on the spin-orbit interaction. The
significant spin dependence seen there arose from the alpha-
like core. We show this spin transparency of the extended
valence particles to be a general feature. That is, cross sec-
tion angular distributions are sensitive to the spin-dependent
interaction but this part of the interaction carries little infor-
mation on the valence particle distribution.
Figure 7 shows the calculated angular distributions for
11Li at 62 MeV. The solid curve is the full pairing model
calculation using r9
I (q) for the core density. The dot-dashed
curve shows the cross section were the halo nucleons nonin-
teracting, i.e., when we set Apn5Cpn50 multiplying rhalo in
Eqs. ~27! and ~28!. The changes induced show that the halo
has a significant effect on the optical potential. This effect is,
however, due only to the central part of the interaction and,
when only Cpn multiplying rhalo is set to zero, i.e., when the
spin-orbit interaction due to the halo particles is removed,
the calculation essentially coincides with the full calculation
and is not shown. The dashed line shows the calculation in
the complete absence of spin-orbit terms, that is, replacing
C05Cpn5Cpp50 in Eq. ~28!. The spin-orbit interaction ef-
fects are seen to be quite considerable, given the quoted ac-
curacy of the experimental data.
Figure 8 shows corresponding calculations for 9Li at 60
MeV. The solid curve is the full calculation using the Gauss-
ian density r9
I (q). The dashed line shows the calculation in
the limit that C05Cpn5Cpp50. The spin-orbit force effects
FIG. 7. Calculated differential cross section angular distribu-
tions for p- 11Li scattering at 62 MeV. The solid curve is the full
pairing model calculation. The dot-dashed curve is obtained when
the halo particles are assumed to be noninteracting. The dashed
curve is the calculation in the complete absence of the spin-orbit
terms in the p- 11Li interaction, i.e., C05Cpn5Cpp50.are again very significant. When using the r9
II(q) ~a! density,
as was observed for 8He, the bulk of the spin dependence is
attributable to the alpha core component in the 9Li. That the
calculated spin dependence for 9Li is slightly larger than that
for 11Li is the result of the use of the convoluted rˆ9(q)
rather than r9(q).
These observed sensitivities of the cross section angular
distributions to the valence particle central distortions and
the core nucleon spin-orbit distortions are now discussed.
They are best understood by reference to the ranges of the
core and valence particle momentum space densities and the
momentum transfer dependence of the free NN amplitudes
C and A. The calculation of the optical potentials involves
the NN amplitudes both on and off the energy shell; how-
ever, the forms of the amplitudes on-shell are instructive
here. The on-shell A and C of the Paris interaction, for the
nucleon-nucleus system at 72 MeV, are presented in Figs. 9
and 10. Figure 9 shows the real ~solid curves! and imaginary
~dashed curves! parts of the central amplitudes A0, Apn , and
App as a function of momentum transfer. Figure 10 shows
the corresponding spin-orbit terms C0, Cpn , and Cpp .
The contribution from each involves its product with the
appropriate target density component, shown in Figs. 1 and
2. The peaking of the A at q50 means that all density com-
ponents will contribute to the real and imaginary parts of the
central potential but with different magnitudes. The incident
proton interaction with the halo density in 11Li is via the
stronger Apn amplitude, as is the four p3/2 neutrons, compris-
ing rˆn(q), in 11Li, 9Li, and 8He. The result is a strong
dependence of the central component of the optical potential
on the valence nucleon components. Also apparent is that
calculations which make a zero range (A5const! approxi-
FIG. 8. Calculated differential cross section angular distribu-
tions for p- 9Li scattering at 60 MeV/nucleon. The solid curve is the
result using the Gaussian density r9
I
. The dashed line shows the
calculation in the complete absence of the spin-orbit terms in the
p- 9Li interaction, i.e., that C05Cpn5Cpp50.
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the relative importance of the different density components.
In particular, the longer ranged momentum space terms, such
as the alpha contribution of the 9Li core in model II and the
9Li core itself in model I, are likely to be overestimated
relative to those of the valence nucleons.
Inspection of the C, with their maxima at 1–1.2 fm21,
suggests that the spin-orbit potential contribution from the
localized momentum space valence particle densities will be
FIG. 9. Real ~solid curves! and imaginary ~dashed curves! parts
of the on-shell central Paris NN amplitudes A0, Apn , and App as a
function of momentum transfer for nucleon-nucleus scattering at 72
MeV.
FIG. 10. Real ~solid curves! and imaginary ~dashed curves!
parts of the on-shell spin-orbit Paris NN amplitudes C0, Cpn , and
Cpp as a function of momentum transfer for nucleon-nucleus scat-
tering at 72 MeV.small. The more spatially localized core components, how-
ever, with their correspondingly wider momentum space dis-
tributions, Fig. 1, lead to significant overlap with the C am-
plitudes. Further, the Cpn term, relevant to the interaction
with the halo density in 11Li and the four p3/2 neutrons in
9Li and 8He, is itself weaker than the Cpp and spin-isospin-
averaged C0 amplitudes. When using models r9II(q) the C0
amplitude acts on the alpha core component, Fig. 2~b!, with
significant strength. This clarifies the observation above for
9Li, and of Ref. @10# for 8He, that in such models the spin-
orbit interaction arises almost exclusively from this core con-
tribution.
Finally, since the density of the 9Li core within 11Li is
somewhat more extended, due to its convolution with the
core c.m. motion, rˆ9(q) is of shorter range in momentum
space than r9(q) with consequent reduced spin dependence
in the 11Li system, as observed earlier.
The remarks above are expected to be quite general. They
demonstrate that while calculated cross section angular dis-
tributions are sensitive to assumed valence nucleon struc-
tures, and to the spin dependence of the proton target inter-
action, these sensitivities result from quite different parts of
the target structure. The momentum space form of the central
NN amplitudes results in strong corrections to the central
parts of the optical potential due to the skin or halo of va-
lence particles, particularly neutrons. The finite range of the
NN force is vital to including the balance between these
different contributions correctly. On the other hand, the spin-
orbit NN amplitudes do not overlap strongly with the short
range momentum space forms associated with a neutron halo
or skin and these valence particles do not contribute effec-
tively to the spin-orbit component of the optical potential.
The core spin-orbit contributions, however, have consider-
able effects on the calculated angular distributions; more-
over, the detailed structure of the core itself is also involved.
VI. CONCLUSIONS
The microscopic optical potential for proton elastic scat-
tering from 9Li and 11Li targets is evaluated using the single
scattering approximation to the KMT multiple scattering ex-
pansion of the optical potential. This includes fully the finite
range of the NN amplitude and the central and spin-orbit
components of the optical potential arising from the free
NN transition amplitude.
Calculations are compared with the available data at en-
ergies near 60 MeV/nucleon and with calculations and data
for the 8He system at similar energy. The p- 9Li and 11Li
experimental data are not reproduced, the slope of the calcu-
lated angular distributions being too steep at forward angles.
There are large differences between the experimental angular
distributions for 9Li and 8He, but not between the calcula-
tions, suggesting a major structural difference between the
9Li and 8He systems. The calculations suggest that the 9Li
core structure is not realistically described by simple,
oscillator-inspired, structure models which are successful for
8He.
The 11Li cross section is found to be insensitive to that
part of the spin-orbit force due to the halo nucleons but
strongly affected by the central distortion due to these par-
ticles. These observed sensitivities were discussed in terms
1876 54R. CRESPO, J. A. TOSTEVIN, AND I. J. THOMPSONof the ranges of the core and valence particle momentum
space densities and the momentum transfer dependence of
the free NN amplitudes. The results of such an analysis are
very general. While the momentum space form of the central
NN amplitudes will overlap strongly with the skin or halo
particle densities, the NN spin-orbit amplitudes will not
overlap these momentum components effectively. The core
spin-orbit contributions, however, have considerable effects
on the calculated angular distributions. The finite range ofthe NN force is crucial in describing these contributions cor-
rectly.
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